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ABSTRACT
Stellar mergers are important processes in stellar evolution, dynamics, and transient science. However, it is difficult to identify
merger remnant stars because they cannot easily be distinguished from single stars based on their surface properties. We
demonstrate that merger remnants can potentially be identified through asteroseismology of red giant stars using measurements
of the gravity mode period spacing together with the asteroseismic mass. For mergers that occur after the formation of a
degenerate core, remnant stars have over-massive envelopes relative to their cores, which is manifested asteroseismically by a
g mode period spacing smaller than expected for the star’s mass. Remnants of mergers which occur when the primary is still on
the main sequence or whose total mass is less than ≈2𝑀� are much harder to distinguish from single stars. Using the red giant
asteroseismic catalogs of Vrard et al. (2016) and Yu et al. (2018), we identify 24 promising candidates for merger remnant stars.
In some cases, merger remnants could also be detectable using only their temperature, luminosity, and asteroseismic mass, a
technique that could be applied to a larger population of red giants without a reliable period spacing measurement.
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1 INTRODUCTION

Stellar mergers are physically complex processes with broad impli-
cations across astrophysics. Kochanek et al. (2014) find that galactic
mergers occur at a high rate of ∼0.2 yr−1, and de Mink et al. (2014)
further show that merger products comprise ≈ 30% of high-mass
main sequence stars. Mergers are a common endpoint of binary stel-
lar evolution (Paczynski 1976), and they are believed to be the origin
of astrophysical transients such as luminous red novae (Tylenda &
Soker 2006; Soker & Tylenda 2006; Ivanova et al. 2013b; Pejcha
et al. 2016; Metzger & Pejcha 2017). Collisions between stars are
also expected to occur at high rates in dense stellar environments
such as globular clusters, where they are believed to be an impor-
tant formation channel for blue stragglers (Bailyn 1995), some of
which have exotic properties suggestive of this origin (e.g., Schnei-
der et al. 2019). In these environments, they have been recently
proposed as one possible explanation for multiple stellar populations
(Mastrobuono-Battisti et al. 2019; Wang et al. 2020).
While millions of merger remnants are expected to exist in the

Galaxy, identifying the surviving stars in the field is challenging.
Detailed asteroseismic characterization of red giant (RG) stars offers
a new hope, because the oscillations of RGs are particularly rich in
information for two reasons. First, the close values of the Brunt–
Väisälä and Lamb frequencies create a narrow evanescent region
within the star, coupling the observable p modes at their surfaces
to the g modes within their radiative cores. Second, the frequencies
occupied by these “mixed modes” are serendipitously excited by
stochastic driving from convective motions in their envelopes. The
intimate coupling between interior and surface oscillations allow for
detailed asteroseismic constraints on their core structures, allowing
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for the determination of evolutionary states (Bedding et al. 2011;
Bildsten et al. 2011; Mosser et al. 2014; Cunha et al. 2015; Elsworth
et al. 2017), internal rotation rates (Beck et al. 2012; Mosser et al.
2012b; Klion & Quataert 2017; Gehan et al. 2018; Ahlborn et al.
2020; Deheuvels et al. 2020), and core magnetic fields (Fuller et al.
2015; Stello et al. 2016; Cantiello et al. 2016; Mosser et al. 2017;
Loi 2020).
Therefore, in addition to encoding stellar masses and radii in the

large frequency spacing Δa and the frequency of maximum power
amax (Kallinger et al. 2010), asteroseismology is also a probe of the
core structures of RGs through the mixed mode period spacing Δ𝑃𝑔
in the dipole (ℓ = 1) mode peaks of approximately

Δ𝑃𝑔 =
√
2𝜋2

(∫
R

𝑁

𝑟
d𝑟
)−1

. (1)

Here, 𝑁 is the Brunt–Väisälä frequency and R denotes the portion of
the star’s central radiative region where amax < 𝑁 (Chaplin &Miglio
2013). Intuitively, this dipole splitting results from the coupling of
a given p mode to multiple, distinct g modes, hence the sensitive
dependence of Δ𝑃𝑔 on the Brunt–Väisälä frequency in the central
regions of the star. For a typical RG, Δ𝑃𝑔 is typically on the order
of minutes, large enough to be measured by prominent surveys such
as CoRoT (Mosser et al. 2011) and Kepler (Stello et al. 2013; Vrard
et al. 2016). The value of Δ𝑃𝑔 is primarily determined by the mass
and evolutionary state of the star’s helium core, and comparison
of measured values to models provides an excellent test of stellar
evolution theories.
In this work, we demonstrate that RGs which have a merger in

their histories can be identified via asteroseismology, provided that
the merger occurs after the primary has left the main sequence (MS)
and the secondary remains a MS star. Asteroseismology will be ef-
fective at identifying amerger when the original RG develops a small,
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Figure 1. A cartoon comparing a 2.5 𝑀� RG formed as an isolated, single star with one formed in a merger where the primary has already entered the RG
phase and the secondary remains on the MS. If the RG primary is in the mass range where it forms a degenerate core (e.g., 𝑀 = 1.5 𝑀�), the merger product
will generally retain it, even if a single star of the same mass would have been expected to produce a more massive, non-degenerate core on the RGB.

104 4× 1036× 103

Teff (K)

101

102

L
(L
�

)

merger

L = 60 L�

Single 1.5 M�
Merger 1.5 + 1.0 M�
Single 2.5 M�

10−2 10−1 100

r (R�)

100

101

102

103

104

105

N
/2
π

(µ
H

z)

νmax

gravity mode region

acoustic envelope

Figure 2. Left: Hertzsprung-Russell diagram of a single 1.5 𝑀� star (blue dotted line), a 1.5 + 1.0 𝑀� RG+MS merger product (solid green line), and a single
2.5 𝑀� star (dashed red line). Circular points indicate merger remnant candidates discussed in Section 4.1, with black points showing the best candidates.
Right: Propagation diagrams at 𝐿 = 60 𝐿� for these three models. We also show the the gravity mode region (green), as well as the acoustic mode region (gray)
and amax (purple), for the merger model, although the latter two are similar between all three models. Despite the merger, the Brunt–Väisälä frequency of the
merger product most closely resembles that of a non-merged star of the original mass, rather than that of a non-merged star of the present-day mass.
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Asteroseismic Fingerprints of Stellar Mergers 3

degenerate core that the final RG would not otherwise be expected to
have. The difference in core structure between such a merger product
and an equal-mass RG forming via single star evolution manifests
in a different gravity mode structure and, in turn, different period
spacings of their dipole modes. We sketch this picture heuristically
in Figure 1, which shows our fiducial comparison between a single
2.5 𝑀� RG and the product of a 1.5 + 1.0 𝑀� RG+MS merger.

2 STELLAR MODELS

In order to obtain physically realistic stellar models, we employMod-
ules for Experiments in Stellar Astrophysics (mesa, version r12778;
Paxton et al. 2010, 2013, 2015, 2018, 2019), an open-source one-
dimensional stellar evolution code. We first initialize a grid of single
star models from 0.75 𝑀� from 2.75 𝑀� , which are integrated
through the MS and RGB, for the purpose of (1) providing initial
conditions for binary merger models and (2) computing asteroseis-
mic observables in single stars. The stellar models are taken to be
non-rotating and solar-metallicity, with reasonable values for convec-
tive overshoot. Model details and inlists are provided in Appendix
A.
We then model mergers as rapid accretion events with a rate ¤𝑀 =

10−5 𝑀� yr−1 at the surface of the star. The original star starts off
on the main sequence with solar composition, and at a specified age,
it accretes material with the same composition as its surface (which
is also close to solar composition). While this cannot be expected
to capture the transient structure of the star immediately after the
merger, it should provide a reasonable model of the star after thermal
relaxation, i.e., a few thermal times after merger. While the adopted
accretion rate is less than what is expected during a real merger, it
should approximate a real merger event well because the accretion
time scale 𝑡ac = 𝑀/ ¤𝑀 ∼ 105 yr is much shorter than a thermal time
scale, hence the accretion is still in the rapid (adiabatic) regime. We
run a number of “merger” models, beginning with a fine grid of
1.5 + 1.0 𝑀� models where we vary the time of merger (Section
3.2). Next, we run a pair of grids where we vary the initial and final
stellar masses, one in which the merger occurs when the primary is
on the RGB, and the second when it is on the MS (Section 3.3). We
then relax the convergence conditions required to run a 1.5+ 1.0 𝑀�
model through helium burning, and we examine the behavior of the
period spacing on the red clump (Section 3.4).
While in reality the secondary star may be expected to penetrate

deeply into the star’s envelope before being disrupted and mixed into
the star, modeling an RG+MS merger as a surface mass injection
is sensible as long as the secondary mixes into the envelope before
reaching the core. We can use the approximation of Eggleton (1983)
to compute an effective Roche lobe radius for a secondary during a
common envelope phase, taking as themass ratio 𝑞 = 𝑀2/𝑀1,enc (𝑟),
the ratio of the mass of the secondary to the mass of the primary
enclosed by the orbit. For the 1.5 + 1.0 𝑀� merger shown in Figure
2, we find that the MS secondary is expected to disrupt and mix into
the primary’s convective envelope at 𝑟 ≈ 2.8 𝑅� in our models, very
close to the surface of the primary and far outside of the helium core
(𝑟core ≈ 0.04 𝑅� on the lower RGB).

2.1 Detailed oscillation mode calculations

While the period spacing between modes of the same gravity mode
degree generally lie quite close to the asymptotic period spacing
Δ𝑃𝑔, they may deviate somewhat from this value, particularly when
the mode has a large mixed character. Since mixed modes are the

most easily detected, it is critical to correct for this phenomenon
when extracting the asymptotic period spacing from observations
(e.g., Vrard et al. 2016).
In order to confirm that the asymptotic period spacing Δ𝑃𝑔 as

defined by Equation 1 lies close to the actual gravity mode spacing
of our stellar profiles, we employ gyre, a shooting code which com-
putes stellar oscillation modes given one-dimensional stellar profiles
(Townsend & Teitler 2013). Working in the adiabatic limit, we first
calculate all oscillation modes with ℓ = 0 or 1 lying within a factor
of 2 of amax (computed from our mesa models using the scaling
relation in Equation 3) for single 1.5 𝑀� and 2.5 𝑀� RGs. We
next compute these modes for the product of a 1.5 + 1.0 𝑀� merger
that occurs soon after the main sequence when the primary’s radius
reaches 𝑅 = 1.25𝑅TAMS. Here, 𝑅TAMS is the radius of the star at the
terminal age main sequence (TAMS), defined to be the earliest time
that 𝑋 = 0 in the core. Within each acoustic mode order, we calcu-
late the difference in period between adjacent ℓ = 1 modes (which
differ in gravity mode order), finding them to be very close to Δ𝑃𝑔
in almost all cases except when the character of the mode was very
mixed. Therefore, moving forwards, we center our discussion around
Δ𝑃𝑔 (as defined in Equation 1), with the knowledge that (1) it is
a good approximation to the actual, generally frequency-dependent
period spacing, and (2) is typically reported in observations after
accounting for this frequency dependence.

3 RESULTS

3.1 Heuristic description

RGs comprise a large convective envelope surrounding a compact,
high density core which primarily governs the star’s evolution. With
the premise that a stellar merger between a RG with a degenerate
core and a MS star mainly increases the RG’s envelope mass while
leaving its core intact, the core mass and structure of the RG is nearly
unaffected by the merger. Already compact and degenerate cores
have higher Brunt–Väisälä frequencies in the core and thus a smaller
Δ𝑃𝑔, relative to the less compact and less degenerate cores arising
from more massive stars. This gives rise to a robust observational
signature of mergers of this type, provided that the core structure of
the post-merger star is significantly different than that of a single RG
star with the same mass as the merger product.
Figure 2 shows theBrunt–Väisälä frequency profiles of our fiducial

models, where it is apparent that the RG merger product largely
retains the core gravity mode structure of its RG progenitor. Whereas
the 1.5 𝑀� single star model has a more compact gravity mode
region characterized by a larger value of 𝑁 in its degenerate core,
the 2.5 𝑀� single star model has a more radially extended gravity
mode region in its non-degenerate core whose 𝑁 peaks at a lower
frequency. Importantly, for an 1.5 + 1.0 𝑀� RG+MS merger, the
Brunt–Väisälä frequency profile more closely resembles that of the
original 1.5 𝑀� RG. As amax and Δa (together with 𝑇eff) provide
an independent asteroseismic measurement of the mass, Δ𝑃𝑔 can
be used to distinguish a merger product from a single star via their
different gravity mode regions. Specifically, merger remnants are
expected to have a smaller Δ𝑃𝑔 (similar to that of the progenitor)
relative to single stars of the same mass, when evaluated at the same
luminosity. In the model in Figure 2 at 𝐿 = 60 𝐿� , the merger
remnant has Δ𝑃𝑔 = 61.9 s, very close to that of the original 1.5 𝑀�
star (Δ𝑃𝑔 = 57.7 s) but very far from that of a single star 2.5 𝑀�
(Δ𝑃𝑔 = 164.0 s).
The following sections elaborate on the point that Δ𝑃𝑔 reveals the
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fingerprint of a stellar merger, but only when the merger occurs after
the primary has already left the MS (Section 3.2), and only when the
merger brings an RGwith a degenerate core into amass regimewhere
single star evolution does not produce degenerate cores (Section 3.3).

3.2 Δ𝑃𝑔 is sensitive to mergers on the RGB

We run a series of 1.5 + 1.0 𝑀� merger models where we vary the
time of merger from the main sequence to the lower RGB. When
the merger product reaches 60 𝐿� during its ascent up the RGB, we
calculate Δ𝑃𝑔—this luminosity is chosen because RGs at 𝐿 = 60 𝐿�
lie just below the bump at a value of Δa where mixed modes are still
observable, but well above the base of the RGB where the merger
occurs.
We also calculate the large acoustic frequency spacing Δa and

peak oscillation frequency amax (Brown et al. 1991):

Δa =

(
2
∫ 𝑅

0

𝑑𝑟

𝑐𝑠

)−1
(2)

amax = 3100 `Hz
(
𝑀

𝑀�

) (
𝑅�
𝑅

)2 (𝑇eff,�
𝑇eff

)1/2
(3)

When combined with the surface temperature, these two quantities
trace the total mass and radius of the star. Independent of the time of
merger, amax and Δa are unsurprisingly very close to their values for
an equal-mass single RG, as the total mass and radius of the resulting
RGwill be almost identical to a non-merged analogy, whenmeasured
at the same luminosity.
Even though Δa and amax are only sensitive to the total mass and

radius, Δ𝑃𝑔 traces the core structure and retains information about
the star’s evolutionary history which can be used to identify merger
remnants. Figure 3 demonstrates that for mergers occurring after the
TAMS,Δ𝑃𝑔 of themerger product more closely resembles that of the
1.5 𝑀� progenitor as if it had never merged. Physically, this is due to
the pre-merger core already being high density and degenerate, such
that its structure is insensitive to the overlying layers. In other words,
mergers which occur after the TAMS barely affect the underlying
core structure of the progenitor.
For mergers which occur when the primary is still on the MS,

Figure 3 shows that Δ𝑃𝑔 is essentially the same as that for a single
star of the same total mass. The reason for this is revealed in Figure 4,
whose left-hand panel shows the propagation diagrams of an “early”
1.5+1.0𝑀� mergerwhich occurs at 𝑡 = 0.5 𝑡TAMS, when the primary
is on the MS. We see that, in contrast to the “late merger” case (right
panel, Figure 2), the Brunt–Väisälä frequency profile of the “early"
merger model is indistinguishable from a single star of the same
mass. This occurs because the main sequence core is not degenerate
and is sensitive to the mass of the overlying material, so the core
readjusts to be nearly identical to that of a star that was born at 2.5
𝑀� . As an additional note, we find that, if the merger occurs very
close to the TAMS, Δ𝑃𝑔 plateaus to an intermediate value between
what is expected for 1.5 𝑀� and 2.5 𝑀� single stars (Figure 3).
However, due to the short time window for this merger occur, it is
unlikely that this case will be frequently observed.
In principle, a MS merger model may require more sophisticated

simulations of the hydrodynamical mixing associated with such a
traumatic event. In such mergers, there may be a greater degree of
mixing between the two stars, withmaterial from both stars extending
throughout the remnant in general. However, as the evolution of a
MS star of a given composition is essentially determined by its mass,
we expect our simple surface accretion approximation to capture the
most important effect. To confirm this, we use mesa’s native entropy

sorting procedure (accessible as create_merger_model) to model
a 1.5 + 1.0 MS+MS merger, and confirm that the resulting gravity
mode structure at 𝐿 = 60 𝐿� is virtually identical to the surface
accretion merger model.

3.3 Pre-merger core degeneracy is key to merger identification

To understand the parameter space where merger products can be
asteroseimically identified, we run two grids of merger models. The
grids have primarymass in the range𝑀primary ∈ [0.75, 2.50] 𝑀� and
post-merger mass in the range 𝑀product ∈ [1.00, 2.75] 𝑀� , spaced
by 0.25 𝑀� in each dimension. We consider both the case where the
merger occurs on the lower RGB (when the primary’s radius reaches
1.25 times its value at TAMS) as well as the case where the merger
occurs on the MS (when the primary reaches half of its TAMS age).
Figure 5 compares the period spacings of merger products at 60 𝐿�
to non-merged stars of equal masses. It is clear that the period spacing
is substantially different for high enough product masses when the
merger occurs on the RGB, but it is practically indistinguishable
when the merger occurs on the MS. While Δ𝑃𝑔 could conceivably
be reasonably discriminating for 𝑀product as low as ≈ 1.75 𝑀� in
the RG+MS case, the effect is especially pronounced for & 2 𝑀� ,
corresponding approximately to the mass below which a star would
be expected to develop a degenerate core.
In RGs with high core degeneracy, core properties such as the tem-

perature, density, and Brunt–Väisälä frequency are primarily func-
tions of the core mass, and they are largely independent of the prop-
erties of the surrounding envelope. This is the origin of the famous
luminosity-core mass relation for RGs (Kippenhahn 1981). Hence,
Δ𝑃𝑔 can be seen as a tracer for the core mass. Late-stage MS stars
will develop helium cores which grow as hydrogen-shell burning pro-
gresses, developing into proper RGs when the core mass reaches the
star’s Schönberg–Chandrasekhar limit (Schönberg & Chandrasekhar
1942). For a starwith𝑀 . 2𝑀� , the core becomes degenerate before
this limit is reached, and the star enters the RGB with a degenerate
core (Cox & Giuli 1968). In this case, a merger which occurs after
a degenerate core has already been formed will leave Δ𝑃𝑔 nearly
unchanged—such mergers will simply add mass to the envelope,
and the small increased pressure will leave the core unaffected. The
merger product will be distinguishable from a single star in the case
that the latter would otherwise be expected to form a more massive
non-degenerate core, which would have a larger Δ𝑃𝑔.
We note, however, that Δ𝑃𝑔 is insensitive to a merger in the case

that a single star with the same mass as the product would have
developed a degenerate core anyway—this can be seen in our models
for 𝑀product . 2 𝑀� in Figure 5. This is also demonstrated in the
right panel of Figure 4, which shows a propagation diagram for the
result of a 1.0+0.5RG+MSmerger. Since both 1.0 and 1.5𝑀� single
stars would be expected to develop degenerate cores through normal
stellar evolution, their gravity mode structures are very similar when
they evolve to the same point on the RGB, and Δ𝑃𝑔 cannot be used
to distinguish them (or a merger bringing a 1.0 𝑀� RG to a 1.5 𝑀�
RG).

3.4 Mergers on the red clump are difficult to distinguish

We have so far focused on first ascent giants, which manifest ob-
servationally as a roughly horizontal track at low Δ𝑃𝑔 tracing the
star’s evolution through Δa. However, many, more evolved RGs have
already exhausted their hydrogen supplies available for off-center
burning and have entered the helium core burning phase, with most
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Figure 3. The frequency of maximum power amax (top left), large frequency spacing Δa (bottom left), asymptotic period spacing Δ𝑃𝑔 (top right), and helium
core mass (bottom right) of the merger product of a 1.5 𝑀� primary with a 1.0 𝑀� secondary. The 𝑥-axis is the radius of the merging primary relative to its
radius at the TAMS, so post-MS mergers occur when 𝑅accrete/𝑅TAMS > 1. The asteroseismic quantities are evaluated when the merger remnant reaches 𝐿 = 60
𝐿� on the RGB. The red and blue lines show the analogous values for single 1.5 𝑀� and 2.5 𝑀� RG models of the same luminosity.
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Figure 4. Left: Propagation diagrams at 𝐿 = 60 𝐿� for a single 1.5 𝑀� star (blue dotted line), a 1.5 + 1.0 𝑀� MS+MS merger product (green solid line), and
a single 2.5 𝑀� star (red dashed line). When the merger occurs while the primary is still on the MS, the merger product will be nearly indistinguishable via
Δ𝑃𝑔 from an equal-mass single star. Right: Propagation diagrams at 𝐿 = 60 𝐿� for a single 1.0 𝑀� star (blue dotted line), a 1.0 + 0.5 𝑀� RG+MS merger
product (green solid line), and a single 1.5 𝑀� star (red dashed line). As single stars below 𝑀 . 2 𝑀� all share similar degenerate core structures, Δ𝑃𝑔 cannot
distinguish between a lower mass merger product and equal-mass single star.

such stars having accumulated on the red clump. Red clump stars are
also very apparent on a spacing diagram as a large cloud of points at
low Δa and high Δ𝑃𝑔, which makes them straightforwardly distin-
guishable from RGB stars (Figure 6). It is natural to wonder whether
measurements of Δ𝑃𝑔 can be used to distinguish red clump merger
remnants from single stars, similar to the process described above
for RGB stars.

In practice, identifying merger remnants on the clump will be
difficult due to the very similar values of Δ𝑃𝑔 between low-mass and
high-mass clump stars. The evolution of Δ𝑃𝑔 over time is similar for
the single 1.5𝑀� andmerger 1.5+1.0𝑀� models. However, because
the merger model has a larger total mass relative to the single star
model, it has a systematically larger Δa '

√︁
𝐺�̄�. This manifests as a

slight horizontal offset between the two models’ evolutionary tracks
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on a spacing diagram. While this effect also applies to first ascent
RGs, it is less obvious since the trajectory of such RGs through a
spacing diagram is shallower, i.e., Δa evolves much more quickly for
first ascent giants than clump stars, relative to Δ𝑃𝑔. This small offset
between the single 1.5 𝑀� and merger 1.5 + 1.0 𝑀� evolutionary
tracks is comparable to both models’ offsets from the track of a single
2.5 𝑀� star. In general, the three models all coincide with each other
at some point in their evolution, making them difficult to distinguish
using asteroseismology. Therefore, although constraining the merger
history using Δ𝑃𝑔 may be possible in some cases, we anticipate that
it will be difficult for most clump stars.

4 MERGER CANDIDATES

4.1 Promising candidates from Δ𝑃𝑔

The evolutionary stage of RGs can be tracked on an asteroseismic
period vs. frequency spacing diagram like that shown in Figure 6,
where merger remnants will appear as outliers relative to the paths
taken by single stars.When ascending the RGB, RGs first evolve from
largerΔ𝑃𝑔 andΔa to smallerΔ𝑃𝑔 andΔa, later accumulating at high
Δ𝑃𝑔 and lowΔa once they reach the red clump. Stars of differentmass
take different paths through the diagram, and merger remnants take
different paths from single stars of the same mass. Hence, combined
with an asteroseismic mass estimate (which can be deduced via amax,
Δa, and 𝑇eff), mergers that occur after the primary has left the MS
can readily be apparent from Δ𝑃𝑔. For stars with 𝑀 & 2𝑀� , merger

remnants will manifest as stars with a significantly lower Δ𝑃𝑔 than
expected from their mass. In other words, merger remnants will lie
near tracks corresponding to lower mass single stars.
Figure 6 also shows the measured Δ𝑃𝑔 versus Δa for a sample of

6111 RGs in the Kepler field from the catalog of Vrard et al. (2016).
Of these RGs, we coarsely classify these stars as first ascent giants
(1995; Δ𝑃𝑔 < 125 s) and red clump stars (4116; Δ𝑃𝑔 ≥ 125 s).
We identify 24 stars in this sample on the first ascent RGB with
𝑀 ≥ 2 𝑀� which, despite their ostensibly larger masses, appear to
lie on the sequence of a less massive (≈ 1.5𝑀�) star through this
space. Of these, 9 are flagged as having aliases, although Deheuvels
et al. (2021) find that the extracted period spacings of “high-mass”
(𝑀 & 1.6 𝑀�) RGs within this sample are usually unaffected by
these. Note that one of these stars (KIC 8517859) has been classified
as a 𝛿 Scuti star in some catalogs Barceló Forteza et al. (e.g., 2018)
which, if correct, would exclude it as a merger remnant candidate.
The possibility that it is a 𝛿 Scuti–RGB binary system (similar to,
e.g., the system reported by Murphy et al. 2021) is also intriguing.
However, Yu et al. (2018), who later revisited these asteroseismic

mass measurements, found that 17 of these candidates have masses
< 2 𝑀� after applying a correction assuming that these stars are first
ascent giants (with one candidate absent in their catalog). Nonethe-
less, 6 of these stars (KIC 12254159, KIC 2972876, KIC 7778197,
KIC 8708536, KIC 9907511, and KIC 11465942) have 𝑀 > 2 𝑀�
in both catalogs, and should be considered the strongest merger rem-
nant candidates in the sample. These merger candidates are listed
in Table 1. For some of these candidates, it is possible that their
true masses lie a few 𝜎 below their reported values, in which case
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Figure 6. An asteroseismic frequency spacing diagram showing measurements of the g mode period spacing Δ𝑃𝑔 as a function of the acoustic mode large
frequency spacing Δa from Kepler data (Vrard et al. 2016). Points are color coded by their measured astroseismic mass, as shown by the color bar. Overlaid on
this plot are evolutionary tracks along the RGB for single stars of mass 1.5𝑀� (dash-dotted orange line), 2.0𝑀� (pink dense-dotted), and 2.5 𝑀� (maroon
dotted) stars, as well as a 1.5+1.0𝑀� (salmon dashed) merger product. The cloud of points in the upper left are clump stars, with model tracks covering a central
helium fraction of 90% (circle) to 1% (triangle). The right panel zooms in on the RGB track, where stars evolve from right to left. Merger remnant candidates
are emphasized, with star symbols indicating first ascent RGs with observed asteroseismic masses 𝑀 ≥ 2.0 𝑀� as reported by both Vrard et al. (2016) and Yu
et al. (2018), and diamonds indicating those which have been reported to have 𝑀 ≥ 2.0 𝑀� by Vrard et al. (2016) only. These stars are inconsistent with single
star models but lie near our merger tracks and are good candidates to be merger products.

they are consistent with single stars with 𝑀 ' 1.8 𝑀� without any
need to invoke a merger scenario. Another possible source of false
positives is that the extracted period spacings underestimate the true
value—such errors may be exacerbated by suppressed dipole modes
in some RGs (Mosser et al. 2012a; García et al. 2014; Fuller et al.
2015; Stello et al. 2016; Mosser et al. 2017).
Note that our 1.5 𝑀� single star model track appears to run at

slightly lower Δ𝑃𝑔 than the observed sample. Lower mass models
come closer to the data points due to their smaller frequency spacings,
as expected since a mass of ≈ 1.2𝑀� is most common amongst
Kepler RGs. It may also be possible that the models predict slightly
too small Δ𝑃𝑔 (or conversely, slightly too large Δa) or that this
difference is related to a correction applied in the Vrard et al. (2016)
sample in the conversion between the uncorrected period spacing
(which depends complexly on coupling to acoustic modes) and the
asymptotic value.
Because RG evolution is primarily governed by core physics, we

expect that the product of a 1.5 + 1.0 𝑀� merger after the TAMS to
ascend the RGB at a rate similar to a single 1.5𝑀� star, i.e., much
more slowly than a single 2.5 𝑀� star. In our models, a 1.5+1.0 𝑀�
merger remnant spends 37.8Myr in the range 4 `Hz ≤ Δa ≤ 10 `Hz
versus themuch shorter 2.8Myr for a single 2.5𝑀� star. Hence, even
though the single star evolutionary route is more common, merger
products will be over-represented relative to single stars of the same
mass within this range of frequency spacing.
Just before this paper was finalized, Deheuvels et al. (2021) per-

formed a similar study investigating the asteroseismic signatures of
mass transfer. They also found that RGs which lie below the main
RGB sequence in Δa–Δ𝑃𝑔 space can be explained by stars that have
accreted mass after developing a degenerate core. They propose that
stars that lie below the main RGB sequence (especially those with

𝑀 & 1.8𝑀�) have likely accreted mass, which increases their Δa
without modifying Δ𝑃𝑔 substantially. Indeed, our models predict the
same behavior, which is why the merger model in Figure 6 lies to
the right of the single star model. Using this asteroseismic signature,
they identify ∼30 RGs which may have experienced mass transfer in
the past. Several of their mass transfer candidates do not appear in
our list of candidates because they either have 𝑀 < 2𝑀� or do not
appear in the catalog of Vrard et al. (2016) but have separately mea-
sured period spacings. In turn, our candidate list contains stars which
do not lie below the RGB period spacing sequence and therefore are
not selected by their method.

4.2 Recognizing merger remnants in the absence of Δ𝑃𝑔

While Δ𝑃𝑔 is a robust way to identify certain merger remnants on
the basis of an apparently under-massive core, it may be possible
to identify merger remnants without Δ𝑃𝑔. Specifically, by using
measurements of Δa, amax, and 𝑇eff , one can in principle constrain
the stellar mass 𝑀 , radius 𝑅, and luminosity 𝐿. The latter quantities
can also be determined using Gaia parallax measurements, given a
reliable 𝑇eff . A merger remnant would then manifest as a giant which
is less luminous and/or cooler than possible for a single star of mass
𝑀 which is just beginning its ascent up the RGB.
For example, one could distinguish a 1.5+1.0𝑀� merger remnant

from a single 2.5𝑀� star based on their location on the Hertzsprung-
Russell diagram (HRD) in Figure 2. This is likely only possible if the
remnant giant is young enough to be located at the base of the RGB
such that its luminosity is smaller than that of a single 2.5 𝑀� model
at the bottom of the RGB. In other words, at a given 𝑇eff and mass
𝑀 , merger remnants would be expected to have smaller luminosity
(i.e., smaller 𝑅 and larger Δa and amax) than expected to be possible
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Name 𝑀 (𝑀�) Δa (`Hz) Δ𝑃𝑔 (s)

Vrard et al. (2016) Yu et al. (2018) Vrard et al. (2016) Yu et al. (2018) Vrard et al. (2016)

KIC 2583386★ 2.16 ± 0.17 1.92 ± 0.12 6.39 6.339 ± 0.032 88.0 ± 0.56
KIC 2972876∗ 2.33 ± 0.25 2.15 ± 0.12 7.81 7.822 ± 0.020 91.1 ± 0.81
KIC 5341131‡★ 2.04 ± 0.10 1.82 ± 0.12 5.63 5.607 ± 0.018 74.9 ± 3.77
KIC 5385518★ 2.15 ± 0.15 1.89 ± 0.11 5.32 5.292 ± 0.014 79.7 ± 0.37
KIC 5820672‡ 2.08 ± 0.10 1.92 ± 0.14 10.50 10.431 ± 0.023 74.8 ± 0.64
KIC 5857618★ 2.13 ± 0.14 1.86 ± 0.10 6.33 6.334 ± 0.017 82.6 ± 5.73
KIC 6118479 2.01 ± 0.14 1.60 ± 0.09 5.96 5.938 ± 0.019 69.3 ± 0.3
KIC 6200178 2.06 ± 0.16 1.75 ± 0.09 6.98 6.953 ± 0.016 76.3 ± 0.46
KIC 6437547 2.17 ± 0.02 1.90 ± 0.10 10.70 10.669 ± 0.023 102.3 ± 1.65
KIC 7121674 2.02 ± 0.08 1.83 ± 0.10 5.88 5.844 ± 0.017 70.2 ± 0.31
KIC 7457184 2.48 ± 0.17 1.96 ± 0.12 5.91 5.913 ± 0.017 73.3 ± 4.43
KIC 7499531‡★ 2.11 ± 0.13 1.99 ± 0.10 6.15 6.115 ± 0.014 80.0 ± 4.99
KIC 7778197∗‡★ 2.09 ± 0.12 2.21 ± 0.14 9.84 9.840 ± 0.018 65.7 ± 0.55
KIC 8055108★ 2.07 ± 0.13 1.84 ± 0.09 9.19 9.189 ± 0.014 65.4 ± 0.50
KIC 8277879‡ 2.16 ± 0.09 1.63 ± 0.09 7.64 7.901 ± 0.019 72.4 ± 0.48
KIC 8364786 2.04 ± 0.07 1.79 ± 0.10 5.53 5.510 ± 0.013 65.3 ± 0.25
KIC 8517859†‡ 2.00 ± 0.16 — 16.67 — 94.3 ± 1.9
KIC 8558329‡ 2.02 ± 0.18 1.65 ± 0.10 4.83 4.821 ± 0.013 58.8 ± 5.1
KIC 8708536∗ 2.82 ± 0.15 2.71 ± 0.17 7.92 7.921 ± 0.031 73.9 ± 0.57
KIC 9329200 2.07 ± 0.14 1.54 ± 0.09 6.84 6.823 ± 0.016 71.3 ± 0.38
KIC 9784586★ 2.01 ± 0.11 1.73 ± 0.09 6.75 6.728 ± 0.012 61.8 ± 3.20
KIC 9907511∗‡★ 2.12 ± 0.19 2.28 ± 0.15 10.53 10.488 ± 0.02 67.7 ± 0.80
KIC 11465942∗ 2.92 ± 0.14 2.62 ± 0.21 7.76 7.762 ± 0.026 68.0 ± 9.1
KIC 12254159∗ 2.23 ± 0.11 2.12 ± 0.13 6.76 6.732 ± 0.012 64.8 ± 3.6

Table 1. Candidate merger products from Figure 6, identified as stars with period spacings consistent with low-mass RGB stars but with asteroseismic masses
≥ 2.0 𝑀� (Section 4.1). Asteroseismic properties are taken from the catalog of Vrard et al. (2016) and Yu et al. (2018)—for the latter, we have reported the
corrected mass where the star has been assumed to be a first ascent RG.
∗ Stars where Yu et al. (2018) also find 𝑀 ≥ 2.00 𝑀� . These stars should be taken as the strongest merger remnant candidates.
† KIC 8517859 does not appear in the catalog of Yu et al. (2018). In addition, it has been classified as a 𝛿 Scuti variable in some catalogs, which would exclude
it as a viable merger remnant candidate if true.
‡ Stars which are not present in the Gaulme et al. (2020) catalog, which examined stars for surface activity.
★ Stars whose observations are flagged as having aliases in the catalog of Vrard et al. (2016).

from the model track of a single star. As an example, four of our
merger candidates from above lie below the 2.5𝑀� track in Figure
2 and could potentially be identified using this method, if they were
to have asteroseismic masses greater than 2.5𝑀� .
This method of identification is limited because it can only identify

remnants young enough that they lie near the base of the RGB,
and with masses where the minimum RGB luminosity is somewhat
sensitive to mass. Additionally, the stellar track on a HRD is model-
dependent and can vary with metallicity, further complicating this
method (Basu et al. 2012). Nonetheless, this method does not require
measurements of Δ𝑃𝑔, so it may be applicable to a much larger
number of stars for which only Δa and amax can be measured, as
expected for the bulk of red giants observed by TESS. We encourage
follow-up work to investigate this technique in more detail.

5 DISCUSSION

5.1 Merger dynamics

The RG+MSmergers described in this work may naturally be formed
by binary coalescences when the primary in a close binary expands
along the RGB and initiates unstable mass transfer (for a review,
see Ivanova et al. 2013a). For conservative mass transfer, a mass
ratio 𝑞 < 2/3 (where 𝑞 is the ratio of the donor to accretor mass) is
required for stable mass transfer from a 𝑛 = 3/2 polytrope. Hence
mass transfer in standard coeval binaries (where an RG primary

accretes onto a less massive secondary such that 𝑞 > 1) is typically
expected to be unstable, thoughwe note a radiative core does enhance
mass transfer stability (Soberman et al. 1997). In these unstable cases,
stars are expected to eventuallymerge in a bright transient (“luminous
red nova”; e.g., Ivanova et al. 2013b). Moreover, on the lower RGB
where the envelope binding energy is still large, mergers will occur
more frequently relative to successful envelope ejections.

Hydrodynamical simulations (MacLeod et al. 2018) have shown
that stellar coalescences are expected to produce a bipolar outflow
structure which has been observed in follow-up radio observations of
a number of luminous red novae (Kamiński et al. 2018). With obser-
vations taken using the Atacama Large Millimeter Array, Kamiński
et al. (2018) estimate the ejecta mass of three red novae (V4332 Sgr,
V1309 Sco, and V838Mon) as varying dramatically between events,
but characteristically on the level of a few percent of the total mass
of the system. This is comparable to the prediction of Metzger &
Pejcha (2017) that the ejecta mass 𝑀ej ∼ 0.1𝑀 is a relatively small
fraction of the total mass of the system, such that the merger results
in a single star with nearly the same total mass. The detection of
similar outflow material around stars identified as merger products
using asteroseismology could validate this method. In may cases,
however, the merger ejecta may have already been expelled from the
system. The lifetime of protoplanetary disks has been estimated to
be on the order of 1 Myr (Mamajek 2009; Cieza 2015; Li & Xiao
2016), whereas Δ𝑃𝑔 should be able to discern a merger remnant for
approximately ≈ 40 Myr throughout its ascent up the lower RGB.
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Hence, circumstellar disks have most likely already been expelled
from most asteroseismically detectable merger remnants.
Interestingly, V1309 Sco (Tylenda et al. 2011) is thought to have

arisen from a merger involving a primary of mass 𝑀1 ∼1.5𝑀� and
radius 𝑅1 ∼3.5 𝑅� (Metzger & Pejcha 2017). The primary was thus
on the sub-giant branch at the time of merger, at a time favorable for
asteroseismic identification of the merger product. For a secondary
of mass 𝑀2 & 0.25𝑀� , the merger product would lie in the mass
range favorable for asteroseismic identification, so V1309 Sco may
be a perfect example of the type of stellar merger whose remnant can
later be identified through asteroseismic techniques. Along similar
lines, the SPIRITS survey recently identified a class of “eSPecially
Red Intermediate-luminosity Transient Events” (“SPRITEs”; Kasli-
wal et al. 2017), characterized by luminosities between those of novae
and supernovae, relatively red colors, and lack of any optical coun-
terparts. (Metzger & Pejcha 2017) suggest that these dustier SPRITE
events may in fact be giant star mergers, in contrast to luminous red
novae, which are more likely to be MS mergers.

5.2 Additional merger signals

To corroborate the merger candidates asteroseismically identified
above, additional evidence for a previous merger event would be
useful. Merger remnants are expected to initially be rapidly rotating,
though they may spin down rapidly on a time scale of less than 1
Myr (Casey et al. 2019). Some remnants may be expected to exhibit
large magnetic fields generated during the merger (Schneider et al.
2016, 2019) or sustained by a dynamo in the convective envelope due
to the high post-merger rotation rate. The fields may be detected via
spectropolarimetry (Aurière et al. 2015) or they may manifest in Ca
II H&K emission (de Medeiros & Mayor 1999) or X-ray emission
(Soker & Tylenda 2007). A class of lithium-enriched giants has also
emerged in the last few decades, some of which are also rapidly
rotating (Charbonnel&Balachandran 2000;Drake et al. 2002; Rebull
et al. 2015; Martell et al. 2020). Evidence has suggested tidal spin-up
(Casey et al. 2019), stellar mergers (Siess & Livio 1999; Jura 2003;
Melis 2020) and/or giant planet accretion (Denissenkov & Weiss
2000; Sandquist et al. 2002; Reddy et al. 2002; Carlberg et al. 2012;
Punzi et al. 2017; Soares-Furtado et al. 2020) as explanations for these
lithium-enhanced, sometimes rapidly rotating stars. Asteroseismic
merger candidates should be examined for these other signatures of
a prior stellar merger.
While there have been many surveys that have searched for lithium

enhancement in RGs, many of them have were directed at a different
field of view than the Kepler data set (Buder et al. 2018; Kumar et al.
2020), not sufficiently photometrically deep (e.g., Kumar et al. 2011),
or restricted only to clump stars (e.g., Singh et al. 2021). The studies
of Deepak & Lambert (2021) and Yan et al. (2021) cross-referenced
asteroseismic classifications with high lithium abundances via LAM-
OST data, but none of our merger candidates appear in their publicly
available samples, suggesting they are likely not strongly lithium en-
hanced. While the catalog of Casey et al. (2019) contains 23 lithium-
rich giants which have also been asteroseismically observed by Ke-
pler, only 2 of them have been identified to be on the RGB, and none
of them coincide with any of our 24 merger remnant candidates.
Additional spectroscopic study of our candidates may reveal more
subtle, unusual compositional features which may be associated with
a previous merger.
In addition, examining the light curves of Kepler RGs (and per-

forming limited spectroscopic follow-up), Gaulme et al. (2020) find
a correspondence between surface activity, close binarity, and sup-
pressed oscillations, consistent with previous work (García et al.

2010; Chaplin et al. 2011; Gaulme et al. 2014; Mathur et al. 2019).
As discussed in Section 5.2, merger remnants may have elevated ro-
tational rates and magnetic fields, suggesting that their oscillations
may be preferentially suppressed. This may prevent a measurement
ofΔ𝑃𝑔 in some cases andmay partially account for our relatively low
fraction of remnant candidates (see Section 5.3). Of our 24 remnant
candidates, 16 appear within the catalog of Gaulme et al. (2020),
who search for surface activity via rotational modulation in RG’s
light curves. However, they do not report surface activity in any of
these candidates. In addition, none of our candidates appear in the ro-
tational catalog of Ceillier et al. (2017). While these non-detections
do not provide additional support for the merger hypothesis, they
may reflect an asteroseismic candidate selection bias due to the sup-
pression of oscillations associated with stronger magnetic activity.

5.3 Rates of stellar mergers

For a circular orbit and mass ratio 𝑞 = 3/2, Roche overflow will
occur when 𝑎 = 2.4𝑅1 (Eggleton 1983). We calculate that a 1.5 𝑀�
in a circular binary with a 1.0 𝑀� star will undergo Roche overflow
on the lower RGB (𝑎 . 30 𝑅�) when the period 𝑃 . 12 d, with weak
dependence on the mass ratio. Such close binaries should account for
≈ 4% of solar-type binaries (Raghavan et al. 2010). Price-Whelan
et al. (2020) demonstrate a deficit of “close” binaries in red clump
and asymptotic giant stars suggestive of stellar mergers on the RGB.
Their observed decrease of close binaries approaching the red clump
implies that ≈ 8% of systems (singles and binaries) merge on the
RGB, with ≈ 3% of stars merging on the lower RGB where log 𝑔 is
higher than that of the clump but lower than that of the MS. Tracking
transient events, Kochanek et al. (2014) additionally find that the rate
of mergers in the Milky Way between an MS star and an evolved
star is ≈ 0.045 yr−1. Together with their star formation model (3.5
𝑀� yr−1 and the initial mass function of Kroupa & Weidner 2003)
this merger rate implies that ≈7% of red giants are merger remnants
(although many of these mergers may occur higher up on the RGB).
These observations consistently suggest that the fraction of lower
RGB stars that are merger remnants (and which merged after the
MS) is on the order of a few percent.
Within the Vrard et al. (2016) data set, we identify 24 candidate

remnants (see Section 4.1), representing ≈1.2% of the total number
of RGB stars in their sample. A total of 6 (≈ 0.3%) are found to be
strong candidates using the asterosemismic mass measurements of
both Vrard et al. (2016) and Yu et al. (2018). These fractions ap-
pear to fall somewhat short of our estimates above, but this is not
unexpected. Our method is most sensitive to the subset of RG rem-
nants with 𝑀 & 2 𝑀� (corresponding to the identification criteria
for candidate remnants), and also those which merge low enough on
the RGB to produce a remnant which can still be probed effectively
by asteroseismology. More detailed population synthesis would be
needed to confirm whether our candidate fraction of ∼ 1% is con-
sistent with expectations of merger rates fulfilling the asteroseismic
selection criteria.

5.4 Mergers in dense stellar environments

Dense stellar populations are clearly a natural setting for frequent
stellar collisions as well as stellar-evolution mediated mergers in
binaries hardened by scattering events. The high stellar densities as-
sociated with the core of globular clusters make them hotbeds for
such mergers. Hills & Day (1976) estimate that as many as tens of
percent of stars in some globular clusters may have suffered from
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at least one collision in their history, and Liu & Jiang (2021) find
(assuming an initial binary fraction 𝑓𝑏 = 0.5) that as many as 50% of
RGs in a globular cluster may have undergone a binary interaction,
with evolved blue straggler stars making up ' 10% of RGs. Un-
fortunately, owing to limited observing fields and stellar crowding,
asteroseismic measurements of stars in star clusters is sparse—only
four open clusters appear in the Kepler field, and only two of those
have measured period spacings for non-clump giants (NGC 6791 and
NGC 6819; Corsaro et al. 2012). Using these data, Brogaard et al.
(2021) recently demonstrated the presence of overmassive giants in
NGC 6791—these stars likely originate from mass transfer events or
mergers which could potentially be encoded in the period spacing.
In addition, while limited asteroseismology has been conducted on
globular clusters (e.g., Stello & Gilliland 2009; Miglio et al. 2016),
measurements of the period spacing for stars in these clusters still
remain elusive.
Ultimately, future observational asteroseismology campaigns, es-

pecially those directed towards dense stellar regions (e.g., Miglio
et al. 2019), appear lucrative for identifying a large sample of merger
products as well as providing a direct measurement of the merger
rate in these populations. Optimal observing targets for this type
of merger remnant identification would have turn-off masses ∼ 1–2
𝑀� , where stars with masses . 2 𝑀� have entered the RGB but
𝑀 & 2 𝑀� merger remnants can still form (although this threshold
mass may decrease somewhat at lower metallicity). Such populations
would place detectable merger remnants below the RG bump, where
asteroseismology is most effective.

6 CONCLUSION

In this work, we investigated the asteroseismic signatures of stel-
lar mergers, focusing on observable diagnostics in red giant merger
remnants. Our main finding is that merger remnants can often be
identified by the presence of an over-massive envelope relative to
their cores, compared to what is expected for a single star. Merger
remnants can be found amongst red giants, provided an asteroseis-
mic measurement of the mass (via amax, Δa, and 𝑇eff), in addition
to a measurement of the mixed mode period spacing Δ𝑃𝑔. Since the
latter traces the core structure, it can be used to distinguish merger
products from single stars under the following conditions:

• The merger occurs when the primary is on the RGB, so that it
has already developed a dense core and the merger essentially only
adds to the envelope of the star (Section 3.2).

• The additional mass contributed by the secondary brings the
mass of the giant from 𝑀 . 2 𝑀� to 𝑀 & 2 𝑀� . This thresh-
old corresponds roughly to the mass below which an RG would
form a degenerate core, which would be distinguishable from the
non-degenerate core of a more massive star formed via single star
evolution (Section 3.3).

Mergers that occur when the primary is on the main sequence are
difficult to identify because the merger remnant structure is nearly
indistinguishable from a single star of the same mass. The same is
true for a merger that does not bring the total mass above ≈2𝑀� .
In other words, Δ𝑃𝑔 can be used to identify a merger remnant

in the situation where the primary in a RG+MS merger has already
developed a dense and degenerate core that withstands the merger,
which would not otherwise be produced by a single star with themass
of themerger product. At the same point on theHRD (or alternatively,
at the same amax or Δa), a merger product is distinguished by a
smaller period spacing relative to the expectations of a single star

(Figure 6). Even without a Δ𝑃𝑔 measurement, mergers remnants can
also potentially be identified as stars having a luminosity that is too
low for their asteroseismically measured mass (see Section 4.2), and
future work should examine this possibility in more detail.
Fortunately, the RG mass range where merger remnants can be

identified is well-sampled in existing asteroseismic catalogs built
primarily from Kepler data. Using the catalog of Vrard et al. (2016),
we have identified 24 promising candidates in Section 4.1, and we
encourage follow-up observations to search for additional hints of a
priormerger such as rapid rotation,magnetic fields, unusual chemical
abundances, or circumstellar gas and dust. These stars are a natural
endpoint of close binary stellar evolution, and they are expected
to be even more common in dense stellar environments. A further
examination of the data and future observational surveys will provide
illuminating constraints on the occurrence rates and outcomes of
stellar mergers in the Milky Way.
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APPENDIX A: MESA SIMULATION CONTROLS

The input inlist_project files for all of our mesa runs are very
similar, with variations in specific parameters which control the ini-
tial mass of the star, as well as the mass accreted during the rapid
merger period. Here, the parameters x_ctrl(1) and x_ctrl(2)
represent the mass accretion rate during the merger period (fixed at
¤𝑀 = 10−5 𝑀� yr−1) and the star age at which the merger occurs,
respectively. We have also used the parameter x_integer_ctrl(1)
to control profile write-out. This work is accompanied by a Zenodo
repository containing inlists and selected output files associated with
the simulations used in this work (Rui & Fuller 2021). We have in-
cluded as a representative example the inlist_project file for the
1.5 + 1.0 𝑀� merger run, where the merger occurs when the radius
of the primary reaches 125% of its value at TAMS:

1 &star_job
2 pgstar_flag = .true.
3 / ! end of star_job namelist
4

5 &controls
6 !----------------------------------------

Write GYRE
7 write_pulse_data_with_profile = .true.
8 pulse_data_format = ’GYRE’
9

10 x_integer_ctrl(1) = 10 ! Force write-out at
log L close to integer values divided by this
number

11

12 !----------------------------------------
Manages accretion

13 x_ctrl(1) = 1e-5 ! mass accretion rate
14 x_ctrl(2) = 2614839409.7825627 ! time (yr) at

which to start accretion (if 0, no accretion)
15

16 mass_change = 0 ! initial accretion rate (
modified dynamically)

17 max_star_mass_for_gain = 2.50
18

19 !----------------------------------------
MAIN

20 initial_mass = 1.50
21 initial_z = 0.02
22 use_Type2_opacities = .true.
23 Zbase = 2.d-2
24

25 predictive_mix(1) = .true.
26 predictive_superad_thresh(1) = 0.005
27 predictive_avoid_reversal(1) = ’he4’
28 predictive_zone_type(1) = ’any’
29 predictive_zone_loc(1) = ’core’
30 predictive_bdy_loc(1) = ’top’
31

32 dX_div_X_limit_min_X = 3d-5
33 dX_div_X_limit = 3d-1
34 dX_nuc_drop_min_X_limit = 3d-5
35 dX_nuc_drop_limit = 3d-2
36

37 !----------------------------------------
WIND

38 cool_wind_RGB_scheme = ’Reimers’
39 cool_wind_AGB_scheme = ’Blocker’

40 RGB_to_AGB_wind_switch = 1d-4
41 Reimers_scaling_factor = 0.2
42 Blocker_scaling_factor = 0.5
43

44 use_accreted_material_j = .true.
45 accreted_material_j = 0
46

47 !----------------------------------------
OVERSHOOTING

48 overshoot_scheme(1) = ’exponential’
49 overshoot_zone_type(1) = ’nonburn’
50 overshoot_zone_loc(1) = ’core’
51 overshoot_bdy_loc(1) = ’top’
52 overshoot_f(1) = 0.015
53 overshoot_f0(1) = 0.005
54

55 overshoot_scheme(2) = ’exponential’
56 overshoot_zone_type(2) = ’nonburn’
57 overshoot_zone_loc(2) = ’shell’
58 overshoot_bdy_loc(2) = ’any’
59 overshoot_f(2) = 0.015
60 overshoot_f0(2) = 0.005
61

62 overshoot_scheme(3) = ’exponential’
63 overshoot_zone_type(3) = ’burn_H’
64 overshoot_zone_loc(3) = ’core’
65 overshoot_bdy_loc(3) = ’top’
66 overshoot_f(3) = 0.015
67 overshoot_f0(3) = 0.005
68

69 overshoot_scheme(4) = ’exponential’
70 overshoot_zone_type(4) = ’burn_H’
71 overshoot_zone_loc(4) = ’shell’
72 overshoot_bdy_loc(4) = ’any’
73 overshoot_f(4) = 0.015
74 overshoot_f0(4) = 0.005
75

76 overshoot_scheme(5) = ’exponential’
77 overshoot_zone_type(5) = ’burn_He’
78 overshoot_zone_loc(5) = ’core’
79 overshoot_bdy_loc(5) = ’top’
80 overshoot_f(5) = 0.015
81 overshoot_f0(5) = 0.005
82

83 overshoot_scheme(6) = ’exponential’
84 overshoot_zone_type(6) = ’burn_He’
85 overshoot_zone_loc(6) = ’shell’
86 overshoot_bdy_loc(6) = ’any’
87 overshoot_f(6) = 0.015
88 overshoot_f0(6) = 0.005
89

90 set_min_D_mix = .true.
91 min_D_mix = 1d0
92

93 !----------------------------------------
MISC

94 photo_interval = 25
95 profile_interval = 50
96 max_num_profile_models = 3000
97 history_interval = 10
98 terminal_interval = 10
99 write_header_frequency = 10
100 max_number_backups = 500
101 max_number_retries = 3000
102 max_timestep = 3d15
103

104 !----------------------------------------
MISC
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105 photo_interval = 25
106 profile_interval = 50
107 max_num_profile_models = 3000
108 history_interval = 10
109 terminal_interval = 10
110 write_header_frequency = 10
111 max_number_backups = 500
112 max_number_retries = 3000
113 max_timestep = 3d15
114

115 !----------------------------------------
MESH

116 mesh_delta_coeff = 1
117 varcontrol_target = 0.7d-3
118

119 / ! end of controls namelist
120

121 &pgstar

The run_star_extras.f file accompanying this run takes the
form of the default standard_run_star_extras.inc file, slightly
modified to handle the merger and profile write-out. In particular, in
the extras_check_model function, we add the following lines to
initiate accretion at the proper time specified in the inlist_project
file:

1 if (s% star_age >= s% x_ctrl(2) .and. s% x_ctrl(2)
/= 0) then

2 s% mass_change = s% x_ctrl(1)
3 end if

Additionally, in the function extras_finish_step, we add the
following lines to force a write-out of the stellar profile at values of
log 𝐿 close to multiples of 0.1.

1 f = s% x_integer_ctrl(1)
2 s% xtra(1) = s% log_surface_luminosity
3

4 if ((floor(f * s% xtra_old(1)) - floor(f * s% xtra
(1)) .ne. 0)) then

5 s% need_to_update_history_now = .true.
6 s% need_to_save_profiles_now = .true.
7 endif

In Section 3.2, we briefly discuss the usage of the
create_merger_model feature to confirm the validity of model-
ing a MS+MS merger as a surface accretion event onto the pri-
mary. Specifically, we have included in inlist_project the option
write_model_with_profile = .true. for the 𝑀 = 1.50 𝑀�
and 𝑀 = 1.00 𝑀� models, and have passed the saved model files at
the desired time of accretion to saved_model_for_merger_1 and
saved_model_for_merger_2.
In Section 3.4, we examine the period spacing for stars undergoing

helium core burning on the red clump. As the helium flash is a very
difficult stage of evolution to model numerically, we include the
following two lines in the &controls section of inlist_project
in order to prevent the timestep from becoming prohibitively small:

1 use_dedt_form_of_energy_eqn = .true.
2 convergence_ignore_equL_residuals = .true.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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